An analytic model is presented to describe the space-charge-limited ͑SCL͒ conduction in Si homojunction interfacial work-function internal photoemission far-infrared detectors. The basic detector unit is a thin n ϩ -i -n ϩ structure, which is operated at low temperatures and characterized by an interfacial work function at the n ϩ -i interface. The unique aspects of this case lead to simple analytic expressions for all variables of interest. The barrier shape and free-carrier concentration distribution in the i layer, and their dependence on the applied bias, i layer thickness, and compensating acceptor concentration, are calculated. The SCL currentvoltage characteristic is also investigated as a function of i layer parameters. The results obtained are useful for the IR detector design and performance optimization.
I. INTRODUCTION
Theoretical analyses 1, 2 have shown that Si homojunction interfacial work-function internal photoemission ͑HIWIP͒ far-infrared ͑FIR͒ detectors could have a performance comparable to that of conventional Ge FIR photoconductors 3 and Ge blocked-impurity-band FIR detectors. 4 This HIWIP detector concept was first proposed and demonstrated on commercial Si p -i -n diodes operated at 4.2 K. [5] [6] [7] The detector operation is based on the internal photoemission occurring at the interface between a heavily doped absorber/emitter layer and an intrinsic layer, with the cutoff wavelength ͑ c ͒ mainly determined by the interfacial work function ͑⌬͒: c ͑m͒ ϭ1.24/⌬ ͑eV͒. The emitter layer is doped to somewhat above the metal-insulator ͑Mott͒ transition concentration but below that critical value at which ⌬ becomes zero. 1 This novel detector approach offers considerable promise for developing FIR imaging and spectroscopic systems, by taking advantage of a mature Si material technology and a tailorable c which covers a wide wavelength range from several tens to a few hundreds of m.
In previous HIWIP detector performance analyses, 1,2 the space-charge effect, which is due to the free-carrier spillover from the heavily doped emitter and collector layers to the i layer, was neglected. It is of significance to understand how the interfacial barrier is affected by the space charge, since the interfacial barrier plays a critical role in determining the detector figure of merits. For example, the c is determined by the barrier height; the total quantum efficiency ͑͒ depends on the barrier-maximum position relative to the interface through the barrier collection efficiency, 1 and the dark current (I d ) is governed by the barrier shape, especially for the tunneling currents which become important at high biases and low temperatures. 2 In a recent paper, 8 we performed numerical calculations for the space-charge effect in low-temperature Si n ϩ -i structures with a thick i layer, without including the role of the collector layer, which is very similar to the case of commercial p -i -n diodes. The results show that the space charge can extend up to a range from a few to a few tens of m, mainly depending on the compensating acceptor concentration in the i layer. The effective barrier height, after including the space-charge effect, is much larger than the interfacial work function, and the barrier-maximum position is far away from the emitter interface, with the distance ranging from a few thousands Å to several m. The calculated results can effectively explain the previous experimental results obtained from commercial Si p -i -n diodes. 8 However, these space-charge-induced modifications to barrier shape are undesirable for the operation of actual HIWIP FIR detectors, since they result in a much shorter cutoff wavelength and a much lower quantum efficiency. 8 To avoid these disadvantages, a thin i layer, with the thickness much smaller than the width of the space-charge region, is needed. It is expected that the interaction between the emitter and collector contacts will lead to a much lower barrier height, with the barrier maximum much closer to, or even exactly at, the emitter interface under a given bias. In this paper, we analyze the space-charge effect in thin n ϩ -i -n ϩ structures, with the i layer thickness comparable to or less than a few m. We will show that for thin n ϩ -i -n ϩ HIWIP structures an analytic model can be developed, which makes the calculation significantly simpler in contrast to the numerical solutions used for thick n ϩ -i structures. Similar analyses can also be performed for p ϩ -i -p ϩ structures with trivial modifications.
Up to now, all the work done on the space-chargelimited conduction in thin n ϩ -i -n ϩ ͑or p ϩ -i -p ϩ ͒ structures was either for nondegenerate structures ͑such as double-junction diodes͒, [9] [10] [11] [12] where the impurities in the highly doped layers are completely ionized at high temperatures, or for highly degenerated structures ͓such as lowtemperature Si ͑see Ref. 13͒ and Ge ͑see Ref. 14͒ FIR photoconductors͔, where the n ϩ layer is doped well above the Mott transition value by several orders of magnitudes. In all these cases, the free-carrier concentration at the interface is much higher than the background impurity concentration in the i layer. So, numerical methods have to be used to get complete solutions. Even for the ideal case, where only the injected free carriers are considered in the i layer and hence analytical theory can be developed, the solution is still rather cumbersome. 11 However, for the HIWIP FIR detector, which is usually operated at very low temperatures ͑TϽ10 K͒, the interfacial free-carrier concentration could be much smaller than the background impurity concentration in the i layer, due to the existence of the interfacial work function. This makes the whole problem significantly simpler. In this paper, analytic solutions are derived for the distributions of electric field, electrostatic potential, and free-carrier concentration, and for the current-voltage relationship. Based on these expressions, various calculations are performed for various device parameters. Our major interest is in how the barrier shape and hence the detector performance ͑such as c , , I d , etc.͒ are affected by the i layer thickness, i layer compensating acceptor concentration, and applied bias, in addition to the emitter layer parameters.
II. ANALYTIC MODEL
The basic unit of an HIWIP FIR detector is a thin n ϩ -i -n ϩ structure with the i layer thickness (W i ) comparable to or less than a few m. The undoped i layer is actually an n Ϫ layer, in which the residual donor concentration (N di ) is higher than the residual acceptor concentration (N ai ). The top n ϩ layer is the emitter on which the IR radiation is incident. The bottom n ϩ layer acts as either the collector for the single layer detector, or the next emitter in the case of a multilayer detector. The doping concentrations in the emitter and collector layers are N de and N dc , respectively, both of which are above the Mott transition value but below that critical value at which the interfacial work function becomes zero. Figure 1 shows the energy band diagram for a symmetric n ϩ -i -n ϩ structure at zero bias with ⌬ e ϭ⌬ c ϭ⌬, where ⌬ e and ⌬ c are the interfacial work function at the emitter and collector interfaces, respectively. Obviously, ⌬ϭ⌬E c ϪE F , where ⌬E c is the conduction-band edge offset due to the band-gap narrowing effect in the n ϩ layer and E F , the Fermi energy, relative to the conduction-band edge in the n ϩ layer. In principle, ⌬ can be arbitrarily small by increasing the n ϩ layer doping concentration. An analytic expression for ⌬ has been derived based on the high-density theory. 1, 15 The internal photoemission mechanism can be simply described as follows. The incident photons are absorbed in the emitter layer by the free-carrier absorption mechanism. Under a negative bias which is applied relative to the collector, some of the photoexcited electrons are able to escape over the interfacial barrier and finally reach the collector layer. Therefore, the total quantum efficiency 1 is determined by photoexcitation, emission to the interfacial barrier, 16 hot electron transport, 17 and barrier collection. 18 It is noted that the photodetection mechanism of the HIWIP detector is similar to that of other types of internal photoemission detectors, such as the PtSi/Si Schottky barrier detector 19 ͑3-5 m͒ and the Ge x Si 1Ϫx /Si heterojunction detector 20 ͑8-14 m͒, with the major difference in that they have different response wavelength ranges and hence different operation temperature ranges.
The energy band bending and carrier transport in the i layer can be described by the Poisson equation,
and the drift-diffusion equation,
respectively. Here, j is the current density, n(x) the mobile electron concentration, v(x) the electron potential, and ⑀ s the relative dielectric constant. N di ϩ (x) and N ai Ϫ (x) are the ionized donor concentration and ionized compensating acceptor concentration, respectively. n and D n are the drift mobility and diffusion coefficient for electrons, which are related by the Einstein relation D n ϭ(kT/q) n . To simplify the problem, in this paper, the image force effect and the tunneling effect have been neglected. These two effects have been considered in our previous dark current analysis where a triangular barrier was assumed. 2 The combination of Eqs. ͑1͒ and ͑2͒ gives a secondorder nonlinear differential equation for n, whose exact solution must be obtained by numerical methods. 14, 21 However, for the HIWIP detector, the problem can be significantly simplified due to the following reasons. First, at low temperatures, the compensating acceptors in the i layer are completely ionized by donors, that is, N ai Ϫ ϭN ai , which is a material constant and depends on the purity of the material. For Si, N ai usually is in the range of 10 12 -10 14 cm Ϫ3 depending on the material growth technology. Second, for thin n ϩ -i -n ϩ structures with the i layer thickness equal to or less than a few m, the ionized donors in the i layer are completely neutralized by the free carriers, as the whole i region is full of excess electrons injected from both emitter and collector, some of which are trapped by the ionized donors at very low temperatures. Therefore, the space charge in the i layer only consists of mobile electrons and fixed compensating acceptors which are negatively charged. Finally, the electron concentration in the i layer is everywhere much smaller than N ai . The electron concentration has maximum values at both emitter and collector interfaces and reaches a minimum value somewhere within the i layer depending on the doping concentrations in the emitter and collector layers as well as the applied bias. For asymmetric structures, the minimum position could move to one of the interfaces. The interfacial electron concentration is determined by the interfacial work function and is given by
where
is the conduction-band effective density of states, m de the electron density-of-state effective mass, and M c the number of equivalent minima in the conduction band. For Si, m de ϭ0.33m 0 and M c ϭ6. Figure 2 shows the n 0 vs 10/T relationship calculated using above equation for different n ϩ layer doping concentrations N d ͑or interfacial work function ⌬͒. It is seen that the interfacial electron concentration is much smaller than N ai at the detector operation temperatures ͑usually a few K, depending on the value of ⌬ or c ͒. As a consequence of above reasons, the space charge in the i layer is dominated by the compensating acceptor concentration, which is a constant, and hence Eq. ͑1͒ can be solved analytically.
In this way, the solution of Eq. ͑1͒ leads to a linear distribution for the electric field and a parabolic distribution for the electron potential, which are temperature independent and given by
Ϫx m x ͪ .
͑5͒
These equations are very similar to those of one sided abrupt p ϩ -n junctions or metal-n-type semiconductor Schottky barriers derived under the depletion approximation. The only difference is the change of sign, which gives an opposite curvature for v(x). This difference is due to the fact that in the p ϩ -n junction the space charge in the n region is dominated by the ionized majority donors which are positively charged, while in our case the space charge is dominated by the ionized compensating acceptors which are negatively charged. The energy band bending is (x)ϭϪqv(x). As shown in Fig. 1 , the electron potential has a minimum (v m ), or the energy band bending has a maximum ͑ m ͒ at x m , with m ϭϪqv m ϭq 2 N ai x m 2 /2⑀ 0 ⑀ s . The energy band bending is changed by the application of an external bias (V b ). Since the emitter and collector are metallic layers, all the applied bias drops across the i layer. Therefore, V b ϭ͓(W i )ϩ␦͔/q, which leads to
where ␦ϭ⌬ e Ϫ⌬ c is the work-function difference for the emitter and collector interfaces. 
In order to obtain maximum quantum efficiency for the detector, x m has to be minimized. 1 Therefore, the operation of detector normally requires ͉V b ͉Ͼ͉V cr ͉.
Since negative x m has no physical meaning, it is better to use F 0 to replace x m in the related expressions when ͉V b ͉Ͼ͉V cr ͉. Here F 0 ϭqN ai x m /⑀ 0 ⑀ s is the electric field at the emitter interface. For convenience, however, in the related expressions, we still use x m , given by Eq. ͑6͒, for all biases.
It should be noted that there is one important difference between the HIWIP detector and the nondegenerate doublejunction diode ͑DJD͒. In the case of HIWIP, the n ϩ layer behaves like a metal in which there is no electric field and hence energy band bending. Therefore, at high biases the barrier maximum will be fixed at the interface. In the case of DJD, however, the electric field can ''penetrate'' into the n ϩ layer, causing a potential drop. Therefore, the barrier maximum could move into the emitter layer and finally disappear. As a result, the boundary conditions of HIWIP become much simpler compared to those of DJD, since we do not need to consider the n ϩ layer properties for the matching of corresponding variables. At this point, the HIWIP detector structure is similar to the metal-insulator-metal structure, for which the space-charge-controlled conduction has been theoretically studied on the basis of numerical solutions. 21, 22 However, the approach developed for our case is much simpler than the previous numerical methods.
Inserting Eq. ͑4͒ into Eq. ͑2͒, we obtain a first-order linear differential equation for n: 
is the Debye length. The boundary conditions are given by the electron concentrations at the emitter and collector interfaces ͑represented by n e and n c , respectively͒, which are constant in the low bias range and modified in the high bias ͑or current͒ range. Following the analysis of Lampert and Mark, 23 we have at xϭ0, nϭn e ϭ4͑ j the Ϫ͉ j͉͒/qv th ,
at xϭW i , nϭn c ϭ4 max͑ j thc ,͉ j͉͒/qv th , where j the(c) ϭqn e(c)0 v th /4 is the thermionic emission current at the emitter ͑collector͒ interface, v th ϭ ͱ8kT/m c the average thermal velocity of electrons, and m c the electron conductivity effective mass. For Si, m c ϭ0.26m 0 . n e(c)0 are the electron concentration at the emitter ͑collector͒ interface under zero bias, which are given by Eq. ͑3͒. Inserting Eq. ͑3͒ into the expression of j the(c) leads to the well-known Richardson-Dushmann equation: j the(c) ϭA*T 2 exp (Ϫ⌬ e(c) /kT), with A* being the effective Richardson constant. Obviously, at low biases ͉͑j͉Ӷj the ,j thc ͒, n e(c) ϭn e(c)0 . In the absence of tunneling effects, j the is the temperaturelimited saturation current which can be drawn from the emitter.
The solution of Eq. ͑8͒ can be easily derived, with the first boundary condition in Eq. ͑9͒,
where the current j is to be determined by the second boundary condition in Eq. ͑9͒ and erf(z) is the error function. The analytic approximation to erf(z) is available with an accuracy better than 1.5ϫ10 Ϫ7 , 24 which will be used in the calculation. At zero bias ͑jϭ0͒, Eq. ͑10͒ simplifies to
which gives a parabolic profile for ln(n), with the concentration minimum at x m . The current density j can be obtained from the second boundary condition in Eq. ͑9͒. Together with Eq. ͑6͒, we have the following expressions for j.
For j the рj thc ,
For j the Ͼj thc , when ͉V b ͉р͉V c ͉, Eq. ͑12͒ is still valid. Here, V c is the bias voltage corresponding to ͉ j͉ϭ j thc , which can be obtained by solving Eq. ͑12͒ with ͉ j͉ϭ j thc . When
͑13͒
It is seen that as V b →Ϫϱ, x m →Ϫϱ ͑or F 0 →Ϫϱ͒, and j→Ϫ j the . So far, we have derived analytic expressions for the parameters of interest for the detector design. The calculation procedure is outlined as follows: ͑1͒ With a given bias (V b ), x m is calculated by Eq. ͑6͒; ͑2͒ the electric field (F) and electron potential (v) distributions are calculated by Eqs. ͑4͒ and ͑5͒, respectively; ͑3͒ the current ( j) is calculated by either Eq. ͑12͒ or Eq. ͑13͒; and ͑4͒ the electron concentration (n) distribution is calculated by Eq. ͑10͒.
III. RESULTS AND DISCUSSION
In this section, unless indicated otherwise, all calculations are performed at Tϭ4 K and for a symmetric structure /V s. n does not depend on the temperature up to about 20 K ͑see Ref. 25͒ since the dominant scattering mechanism is the neutral impurity scattering. We are more interested in studying how the i layer thickness and compensating acceptor concentration affect the barrier shape, electron concentration distribution, and the I -V characteristics. The results for asymmetric structures ͑N de N dc ͒ are similar without giving any new physical features. It is noted that only electron concentration and current depend on T, while the other variables are temperature independent.
A. Zero bias, V b ‫0؍‬
Figures 3͑a͒ and 3͑b͒ show the energy band bending ͑ϩ⌬ e ͒ and electron concentration distribution n, respectively, for N ai ϭ1ϫ10 13 , ⌬ c decreases from 11.1 to 2.4 meV. The x m moves to the emitter interface when ⌬ c Ͼ⌬ e and to the collector interface when ⌬ c Ͻ⌬ e . When W i or N ai is small enough, both and ln(n) show a nearly linear profile.
B. Applied bias, V b <0
Figures 4͑c͒ and 4͑d͒ show the energy band bending and electron concentration distribution, respectively, under different negative biases and for W i ϭ0.5 m and N ai ϭ1ϫ10
cm

Ϫ3
. As V b increases, the barrier maximum goes down and moves to the emitter interface. When V b exceeds a critical value ͑V cr ϭϪ19 mV͒, the barrier maximum is located exactly at the interface and the additional barrier height induced by the space charge completely disappears ͑ m ϭ0͒. Then the barrier height is fixed at ⌬ e , while the barrier curvature reduces with any further increase of V b . The applied negative bias also significantly changes the electron concentration profile by sweeping electrons from left to right. As V b increases, the position of the concentration minimum moves to the collector interface, while its value first increases rapidly when ͉V b ͉Ͻ͉V cr ͉ and then decreases slowly when ͉V b ͉Ͼ͉V cr ͉. This decrease is due to the decrease of n e0 as j approaches j the , leading to a nearly uniform profile in most of the i region except in the vicinity of the collector interface. The results for N ai ϭ1ϫ10
13 cm Ϫ3 are shown in Figs. 5͑a͒ and 5͑b͒. In this case, due to a very small V cr value ͑ϭϪ1.9 mV͒, the whole electron concentration profile goes down with increasing V b , even in the low bias range.
Figures 5͑c͒ and 5͑d͒ show the effect of different N ai values on the energy band bending and electron concentration distribution, respectively, for a fixed bias V b ϭϪ5 mV and W i ϭ0.5 m. It is seen that the larger the N ai , the larger the barrier curvature, which leads to a higher barrier and a larger x m . When N ai ϭ1ϫ10 12 cm
, the barrier shape becomes almost linear, resembling a triangular barrier. As N ai decreases, the minimum value of n increases and n e0 decreases, which makes the concentration profile gradually become flat in most of the i region except in the vicinity of the , the concentration minimum already disappears, and n(x) increases monotonically with x. The effect of different W i values on (x) and n(x) is similar to N ai . That is, the increase of W i increases the curvatures of barrier shape and electron concentration profile.
The critical bias, V cr , is an important parameter for the detector design and operation, since ͉V b ͉у͉V cr ͉ ͑giving x m ϭ0͒ is required to obtain maximum quantum efficiency. A contour plot of V cr as a function of N ai and W i is shown in Fig. 6 , which is calculated by Eq. ͑7͒. It is seen that a large N ai or W i leads to a large V cr , which corresponds to a barrier shape with a large curvature.
Physically, for different ranges of V b , x m and m can be rewritten as
The bias dependence of x m and m is shown in Fig. 7 , calculated from the above equations for different N ai values. It is seen that as V b increases, x m decreases linearly with a slope inversely proportional to N ai , while m decreases in a parabolic curve which has a smaller curvature and shifts to the high bias direction for a larger N ai value. The effect of W i on the bias dependence of x m and m is similar to that of N ai . These curves are useful for understanding how the detector cutoff wavelength ͑inversely proportional to the barrier height͒ and quantum efficiency ͓decreasing exponentially with increasing x m ͑see Ref. 1͔͒ change with the bias when ͉V b ͉Ͻ͉V cr ͉. Figure 8 The proportional factor C increases with decreasing N ai and W i , as shown in Fig. 8 . The physical cause of this linear region, as analyzed by Schmidt et al., 9, 21 is due to the fact that for ͉V b ͉ϽkT/q, the carrier concentration and its gradient do not vary appreciably and the drift term is dominant in the total current formula. Assuming that the carrier concentration and its gradient are bias independent, Eq. ͑2͒ can be simplified to
C. SCL current-voltage characteristics
With the insertion of Eq. ͑11͒, the above equation leads to the same expression as given by Eq. ͑16͒. 
which is a Gaussian-type function. Figure 9 shows the results obtained from the approximate Eqs. ͑16͒ and ͑17͒ ͑light curves͒, compared with the accurate result ͑heavy curve͒. An excellent agreement is obtained for each part until V b approaches V cr . ͑iii͒ In the high bias range ͉͑V b ͉Ͼ͉V cr ͉͒, the I -V curve approaches the saturation current given by j the .
When W i and N ai are small, the intermediate region becomes unclear or even disappears. This is because V cr is close to kT/q. It is noted that the linear I -V region shows no obvious extension in our case, in contrast to the results obtained by Grinberg and Luryi for double-junction diodes. 11 They have demonstrated that the linear regime extends to much higher biases, up to V b Ϸ10kT/q. This difference may be due to the different space-charge formation mechanisms in these two cases.
IV. CONCLUSIONS
In this work, we have developed an analytic model to describe the SCL conduction in low-temperature Si n ϩ -i -n ϩ HIWIP FIR detectors. This model is based on the fact that for the HIWIP case the space charge in the i layer is dominated by the ionized compensating acceptor, which leads to a linear electric field distribution and a parabolic potential profile. Simple expressions have thus been derived for the electron concentration in the i layer and the currentvoltage relationship. Calculated results show that the n ϩ -i -n ϩ barrier shape has a strong dependence on the i layer thickness, i layer compensating acceptor concentration, and applied negative bias. For large W i and N ai values, the barrier shape has a large curvature. Both x m ͑the barriermaximum position relative to the emitter interface͒ and m ͑the additional barrier height induced by the space-charge effect͒ decrease with decreasing W i and N ai and increasing V b . It is found that the critical bias V cr , which corresponds to x m ϭ0 and m ϭ0, is an important detector parameter, since ͉V b ͉у͉V cr ͉ is required to obtain a high detector performance. V cr is proportional to N ai and the square of W i . The SCL I -V characteristics are characterized by a linear part in the low bias range, and by a saturation part when ͉V b ͉у͉V cr ͉, with the saturation current equal to the thermionic emission current at the emitter interface. When 
